ABSTRACT For the purpose of determining net interactions between actin and myosin filaments in muscle cells, perhaps the single most informative view of the myofilament lattice is its averaged axial projection. We have studied frozen-hydrated transverse thin sections with the goal of obtaining axial projections that are not subject to the limitations of conventional thin sectioning (suspect preservation of native structure) or of equatorial x-ray diffraction analysis (lack of experimental phases). In principle, good preservation of native structure may be achieved with fast freezing, followed by low-dose electron imaging of unstained vitrified cryosections. In practice, however, cryosections undergo large-scale distortions, including irreversible compression; furthermore, phase contrast imaging results in a nonlinear relationship between the projected density of the specimen and the optical density of the micrograph.
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To overcome these limitations, we have devised methods of image restoration and generalized correlation averaging, and applied them to cryosections of rabbit psoas fibers in both the relaxed and rigor states. Thus visualized, myosin filaments appear thicker than actin filaments by a much smaller margin than in conventional thin sections, and particularly so for rigor mus- cle. This may result from a significant fraction of the myosin S 1 -cross-bridges averaging out in projection and thus contributing only to the baseline of projected density. Entering rigor incurs a loss of density from an annulus around the myosin filament, with a compensating accumulation of density around the actin filament. This redistribution of mass represents attachment of the fraction of cross-bridges that are visible above background. Myosin filaments in the "nonoverlap" zone appear to broaden on entering rigor, suggesting that, on deprivation of ATP, cross-bridges in situ move outwards even without actin in their immediate proximity.
INTRODUCTION
According to the "sliding filament" theory (1) (2) (3) , muscles contract and force is generated by a molecular mechanism whereby two interdigitating systems of inextensible protein filaments slide past each other into a condition of greater overlap. Each contractile unit (sarcomere) contains an aligned bundle of "thick" myosin filaments, with the "thin" actin filaments inserted between them. Laterally, the myosin filaments are packed in a hexagonal array, with the actin filaments positioned (in the case of vertebrate skeletal muscle) at the trigonal points of this myosin-based lattice. It is, by now, widely accepted that force generation is mediated by "cross-bridges" that protrude from the backbones of the myosin filaments and couple transiently with adjacent actin filaments. However, many details remain obscure (4) . For instance, the numbers of distinct conformational states that may be assumed by cross-bridges, as well as the fractional occu- Switzerland. pancies of these states, have still to be pinned down for both relaxed and activated muscles.
For the purpose of inferring net interfilament interactions in the myofilament lattice, perhaps the most revealing single view of this complex three-dimensional matrix is its axial projection. Two experimental approaches, equatorial x-ray fiber diffraction analysis (e.g. references [5] [6] [7] [8] [9] [10] and electron microscopy of transverse thin sections (e.g. references 6, 11, 12) Electron microscopy of unstained thin sections of muscles preserved in vitreous ice by rapid freezing (13) (14) (15) (16) has the potential to combine the advantages of both of the above methods, in the sense of providing direct visualization of specimens that are maintained in their native states. In practice, however, certain problems arise. Frozen sections are subject to large-scale distortions (buckling, folding) and cutting-induced compression (13, 14) , so that only very small areas of genuine transverse section are obtained, and even these are severely disordered. Moreover, their contrast is so low as to require the use of heavily underfocused phase contrast imaging, so that specimen density is not conveyed in a linear manner (15) . In an attempt to overcome these difficulties and thus help realize the potential of cryosectioning, we have developed image processing methods intended to compensate for spatial disordering and nonuniformity of contrast transfer. Here we describe this approach and apply it to cryosections of rabbit psoas muscle in both the relaxed and rigor states.
MATERIALS AND METHODS

Preparation of muscle fibers
Single-skinned fibers were prepared from rabbit psoas muscle. Fiber bundles were removed from anesthetized rabbits and immersed in skinning solution (Table 1) for at least 12 h. A fiber bundle was then transferred to a chamber containing relaxing solution at 50C, with 15% (440 mM) sucrose added as cryoprotectant (Table 1) . Single fibers were teased out and draped over the outer surface of a.gold-plated mount consisting of two L-shaped pins held in a L-J configuration by a common Bakelite centerpiece. The ends of the fiber were then attached with cellulose to the exposed ends of the pins, without allowing the fiber surface to dry. The mount with attached fiber was transferred to a (although generally diffuse on account of spatial disordering), in a background of spectral "noise". Interactively, the operator masked out the periodic reflections, and the contrast transfer function (CTF) was operationally defined by local averaging of the residual diffraction pattern. Based on the premise that the CTF should be smoothly varying, each pixel was replaced by the local average over a 17 x 17 square centered on it, with masked Fourier orders omitted from the average. (The disorder-related smearing of the reciprocal lattice reflections made it necessary to use such a large averaging window). Finally, this envelope function, EF(w), was symmetrized twofold. From this approximation to the CTF, a "restoration function", RF(w), was defined, whose dependence on spatial frequency (w) was given as follows.
When w < w0, RF(w) = EF(w0)/EF(w) .
Restoration was effected by multiplying the amplitude of each component of the original Fourier transform by the factor RF(w). The threshold, w0, was routinely taken on 0.2 nm-, and beyond w0, no restoration was attempted, i.e., RF(w)
This approach is based on the supposition that, over the limited spatial frequency range of current interest (i.e., out to -0.2 nm-'), the background noise is uncorrelated, i.e., it is white noise, at least to a first approximation. Our preference for this parameter-free method, as opposed to using some analytical expression for the CTF with assigned parameters, stems primarily from uncertainty as to an appropriate formalism, because the cryosection images are evidently not pure phase objects (e.g., contrast transfer does not fall to zero at the Fourier space origin). In its favor, the envelope functions constructed by our method do reproduce the major features to be expected of a contrast transfer mechanism that is dominated, but not monopolized, by phase contrast, i.e., they increase smoothly to a maximum (reaching about double their value near the origin), and then fall off monotonically. There was some limited variation from micrograph to micrograph in the spatial frequency of this maximum, and in the ellipticity of the lobe, the latter effect relating to astigmatism and/or drift. Consequently, correction functions had to be tailored individually for each micrograph.
So far, on account of the limited resolution range currently achieved, our image restoration operations have been confined to the primary lobe of the CTF, and we have not had to confront the riskier proposition of spatial frequency domains that contain zeros of the CTF or require contrast reversal (15, 20, 21 ). The procedure was tested by using it to restore computer-generated model lattices which had been "imaged" with CTFs resembling those encountered in the experimental micrographs.
Correlation averaging
Numerous computational methods have been described for rectifying imperfectly ordered lattices (e.g., reference 22). However the degree of disorder encountered in these cryosections was such as to require a treatment adapted particularly to this purpose. The principle of our method, which incorporates many of the procedures used earlier by Crowther and Sleytr (23), is to locate the centers of myosin filaments and use them as fiducial markers, four adjacent centers defining a unit cell. Local spatial distortions were rectified by mapping each unit cell into a cell of standard dimensions. (We use the rectangular super-cell convention for hexagonal lattices [24] with 30 x 52 pixels). The myosin filament centers were located automatically by a program that compiled a list of the coordinates of the local density maxima in a low-pass filtration of the area under study. This area was then displayed on the monitor, with the maxima identified by colored crosses on a graphics overlay plane. Working interactively with a tablet/mouse system, the operator then picked out the quartets of points that enclosed the unit cells. All potentially useful unit cells (i.e., without obvious defects) were extracted from each area, applying bilinear interpolation to the restored (but not low-pass filtered) representation. Finally, any anomalous unit cells were eliminated by screening the complete data set with the OMO algorithm (25) , which operates according to a criterion of mutual consistency. Typically, -70% of the unit cells were approved by OMO, and these were averaged. Resolution was assessed according to the "spectral signal-to-noise ratio" (SSNR) criterion (26) .
The major distortion which the cryosections undergo is cuttinginduced compression (13, 14) , and the procedure that we have used to compensate for it is based on the assumption that protein and ice are approximately equally compressible. There is, in fact, evidence that folded proteins are quite resistant to compression, having compressibilities that areof the same order, albeit slightly smaller, than those of water and ice (27, 28) .
The myofilament lattice constant was measured as the centerto-center distance between myosin filaments, averaging over three to five lattice steps in the direction of least compression (i.e., the longest interfilament spacing). The result, 45.3 ± 3.1 nm (SD, n -30), is close to the value obtained by x-ray fiber diffraction for rabbit psoas muscle at 100 mM ionic strength and 50C in the absence of sucrose (10) Table 3 ), the images were normalized so that (a) they contained the same total mass, and (b) the central 8 nm (diameter) of the myosin filament should also contain the same amount of mass. The latter constraint was adopted, based on the likelihood that little or no net change affects this part of the unit cell in the transition between relaxation and rigor (8) . Essentially the same results were obtained using an alternative normalization procedure whereby the images were constrained to have the same mass and dynamic power (energy). Myofilament Laffice in Frozen-Hydrated Thin Sections FIGURE 2 Low-magnification field of frozen-hydrated thin section of rabbit psoas muscle fiber in rigor. Its appearance is highly variable over the field, as the result of mechanical distortions. In places, however, small areas of transverse section (hexagonal myofilament lattice) are discernible. The arrow indicates the direction of cutting, i.e., the direction of compression. Perpendicular to it, crumpling and folding of the cryosection is evident in parts of this field. Bar, 0.2 Am. 
RESULTS
Freshly excised muscles were prepared in the appropriate physiological states in buffers containing 15% sucrose to suppress the formation of crystalline ice, and frozen rapidly by plunging them into liquid ethane (13) . A typical cryosection of rabbit psoas muscle in rigor is shown in Fig. 2 . Despite the lack of staining, the section exhibits adequate contrast as a result of the difference in density between the vitreous ice and the embedded protein filaments, accentuated by phase-contrast imaging. However, distortion effects are immediately apparent. For instance, the areas of transverse section are extremely localized in comparison to the expanses seen in conventional sections (e.g., references 6 and 12). Nevertheless, small areas of transverse section may be picked out, and such images from relaxed and rigor specimens are compared in Fig. 3 . In both cases, sarcomere segments are shown that contain both myosin and actin filaments (Fig.  3, a and b) , and myosin alone (Fig. 3, c and d) . In all four images, the myofilament lattices depart substantially from hexagonality as the result of compression sustained during sectioning. (Fig. 4 b) . reflections, which index on a quasihexagonal reciprocal lattice are diffuse, and they extend only to the second order. Nonuniformity of contrast transfer resulting from the strongly defocused bright-field imaging is evident from the distribution of background intensity (Fig. 4 b) . With this particular micrograph, for instance, the second hexagonal order (the (11) reflections) is clearly overemphasized relative to the first (the (10) reflections). To compensate for this effect, we first constructed a contrast transfer function, then used it for image restoration (Materials and Methods). Fig. 4 Fig. 5 , a and b, contains actin filaments, whereas those in c and d represent the "nonoverlap" region of the sarcomere (i.e., myosin filaments in the absence of actin). The corresponding set of diffraction patterns (amplitude spectra) are presented in Fig. 6 . The reciprocal lattices are now hexagonal, and their reflections are much sharper; moreover, they extend to considerably higher spatial frequencies, indicative of the improvement in resolution thus achieved.
The maps of projected density given by the averaged unit cells are compiled in Fig. 7 , and the data sets on which these images are based are summarized in In the region where there is no overlap with actin, the myosin filaments also look broader in the rigor state (cf. Fig. 7, c and d) . This observation suggests that, even in the absence of actin filaments, the myosin molecules undergo a conformational change upon entering the rigor state, whereby the cross-bridges move further out from the filament backbone. A major source of spatial disordering is cuttinginduced compression which, consistent with earlier work (13), we found to be on a substantial scale, with compression factors of 0.5-0.7 common. With a view to a posteriori correction for compression, muscle is a particularly tractable specimen in the sense that its hexagonal lattice serves as a local built-in compression meter, and similar methods could be applied to other regular specimens. However, inferences based on cryosections concerning the dimensions of nonperiodic specimens are likely to be more problematic.
The improvement in resolution achieved in our analysis is illustrated in the diffraction patterns of synthetic arrays of unit cells, where the (31) reflection at (11 nm)-is visible above background in both the "relaxed" and the "rigor" patterns (Fig. 6, a and b) . In comparison, the '(Euclidean distance)2 = sum of squares of the differences between corresponding pixels in the images under comparison. diffractograms of the original micrographs extend only to the (11) reflection at (23 nm)-1 (Fig. 4 b) . The SSNR measure of resolution (26) provides a more objective and quantitative generalization of the method of counting diffraction orders. It gives figures that range from 10.1 nm resolution for the "rigor, overlap" density map, to 15.6 nm for the "rigor, nonoverlap" map.
Density maps as probability distributions
One factor underlying the relatively modest nominal resolution of our density maps is the existence of real (intrinsic) variability (as opposed to random additive noise) among the individual unit cell projections. We estimate these sections to be 100-150 nm thick, so that each unit cell contains 20-30 myosin molecules. This number is sufficiently small that, in view of the conformational alternatives open to myosin "heads", even in the same physiological state, the projections of different unit cells in a transverse section would be expected to vary significantly, even in the absence of noise. This intrinsic variability is illustrated in "standard deviation" maps (not shown) or density fluctuations from unit cell to unit cell. These fluctuations are nonuniform over the unit cell area, and are most pronounced in the interfilament spaces, presumably reflecting variability in the net configurations of the unit cells' complements of SI-crossbridges.
The SSNR resolution criterion (reference 26, cf. above) is based on a measure of mutual consistency between all elements compared, and thus does not distinguish between genuine variability of the kind noted above, and random additive noise. Accordingly, SSNR-defined resolution will appear lower for the myofilament lattice than for a genuine crystal analyzed in the same way. In this respect, the map of projected density given by the final average relates to a probability distribution, and not a universal signal from which each unit cell differs only by random noise.
Comparison with x-ray results
It has long been known that the transition from relaxation to rigor, as monitored by x-ray fiber diffraction, is expressed as a change in the relative intensities of the (10) These sets of amplitudes and phases were derived from the digital Fourier transforms of averaged myofilament lattice unit cells ("overlap" maps, cf., Fig. 7, a and b) . In method A, the unit cells were sixfold symmetrized, so that the phases are all 0 or 1800. A reflection, (h, k), for which there was, before symmetrization, little consistency between the three Fourier orders related to it, has a low amplitude and an indeterminate phase (parentheses).
With method B, no symmetrization was imposed, and the amplitude given is the root-mean-square of three contributing Fourier terms. The criteria for a well-determined reflection with a favorable signal-to-noise ratio are that the amplitudes given by the two methods should be close in value, and that the phase uncertainty given by method B should be low. *The normalization of the unit cells (and consequently of their Fourier transforms) is described in the last section of Materials and Methods, and scaled according to an assignment of the value 1,000 to the F1,0 (relaxed) amplitude. tThe uncertainty assigned to each phase is the amplitude-weighted root-mean-square over these three symmetry-related terms. In the event of pure noise, these terms would be uncorrelated arbitrary phasors and would therefore result in an expected phase uncertainty of 1040 in this convention. Rigor-induced change of the myosin filament in the absence of actin
It is of interest that, on entering rigor, myosin filaments in the H-zone (i.e., the part of the A-band where they do not overlap with actin filaments) appear to broaden. Thus the immediate proximity of actin filaments may not be necessary for cross-bridges to move away from the myosin filament backbone. Other observations that have also suggested such an effect are (a) the disappearance of "myosin" layer lines from the x-ray diffraction pattern of frog muscle fibers when subjected to rigor-inducing treatments after being stretched to nonoverlap lengths (33) , and (b) the reversible disruption, upon ATP deprivation, of the regular cross-bridge arrangement on thick myosin filaments initially isolated from insect flight muscle in the presence of ATP, as visualized by negative-staining electron microscopy (34).
Concluding remarks
The present results demonstrate that quantitative measurements of the distribution of mass within native myofilament lattices are possible by combining appropriate image analysis with low-dose electron microscopy of thin sections of muscle fibers preserved in vitreous ice. In this initial study, we have characterized the relaxed and rigor states of rabbit psoas muscle at 100 mM ionic strength. Now that the basic methodology has been worked out, it will be of interest to apply it to other physiological states, such as relaxed muscle at lower ionic strength (20 mM) where large numbers of weakly bound cross-bridges are thought to be formed (10, 35) , and in particular to muscle activated at physiological ionic strength (170-200 mM) where normal force-generating cross-bridges are formed.
In the longer term (and anticipating some progress towards solving the remaining technical limitations), it may become possible to investigate the dynamic development of force generation in studies whereby successive time-points of the activation process are sampled by rapid and temporally specific freezing.
